Objective: To perform detailed analysis of retinal changes in dogs with SARDS using optical coherence tomography (OCT), funduscopy, and molecular analysis. Animals: Subjects were 29 dogs from 12 US states and Canada diagnosed with SARDS by 8 ophthalmologists. An additional 7 eyes from 5 deceased SARDS dogs were used for molecular and histological analysis. Procedures: Dogs were evaluated using chromatic pupil light reflex testing (cPLR), and electroretinography (ERG); subjects underwent complete ophthalmic examination, including funduscopy, retinal photography, and OCT, in addition to complete laboratory analysis, blood pressure evaluation, abdominal and thoracic radiographs, and computerized tomography (CT) imaging to assess possible systemic abnormalities. Histology and immunohistochemistry analysis was performed in 2 SARDS eyes. Microarray analysis was performed in 5 SARDS retinas. Results: Thirty-eight percent of patients had <1-mm wide retinal detachments (RD) on OCT analysis, which could not be detected by funduscopy or retinal photographs. Systemic hypertension did not seem to be a contributing factor (RD 22.2%; ND 20%, Odds ratio = 1.1). No dogs showed neoplastic changes by thoracic or abdominal radiography, or CT imaging. There was no statistically significant difference in age (RD 7.9 ± 1.9 years (mean ± SD); ND 7.6 ± 1.7 years, p = 0.69) or duration of blindness prior to presentation (RD 18 ± 7 days (mean±SD); ND 21 ± 12 days, p = 0.28). Microarray and histology analysis of SARDS eyes revealed molecular changes suggestive of immune-mediated damage. Conclusions: Observed histological, molecular, and OCT changes are highly suggestive of immune-mediated damage in SARDS eyes.
| INTRODUCTION
Sudden Acquired Retinal Degeneration Syndrome (SARDS) is recognized as one of the most frequent irreversible causes of blindness in the canine population. [1] [2] [3] SARDS is characterized by sudden-onset blindness, completely extinguished retinal electrical responses, and abnormal chromatic pupil light reflex (cPLR) properties (no red PLR-good blue PLR). [3] [4] [5] It has been theorized that SARDs is an autoimmune disease similar to nonparaneoplastic autoimmune retinopathies in humans (npAIR), with a strong autoantibody component. This hypothesis is based on limited molecular and histology data, 5 and findings of retinal autoantibodies in serum samples of SARDs patients; 6, 7 however, the lack of intraocular inflammatory changes has long been used as an argument for postulating a non-inflammatory character for this syndrome. 1, 8 Spectral domain optical coherence tomography (SD-OCT) is an imaging method that allows high-speed, high-resolution cross-sectional imaging of the retina, and optic nerve ("in vivo histology"). In recent years, it has been adopted for characterization of morphology in healthy and diseased canine retinas. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] High-quality images can be obtained by collecting SD-OCT of retinal cross-sections using the infrared beam produced by a superluminescent diode. This imaging technique allows for detailed morphological mapping and structural evaluation of different retina layers and optic nerve structures in dogs. 9 Optical coherence tomography (OCT) data in SARDS patients have thus far been reported in only few studies, which revealed significant retinal and retinal nerve fiber layer thinning (RNFL) or photoreceptor thickness in patients. 5, 20 The principal purpose of this study was to provide a detailed analysis of the retina in SARDS dogs using more sophisticated technology (SD-OCT) than the standard OCT technique that was previously available. 5 Furthermore, we wanted to evaluate whether indirect ophthalmoscopy and fundus imaging have equal sensitivity in terms of detecting retinal changes in SARDS patients. We also wished to assess whether the presence of systemic organ abnormalities and duration of blindness affect retinal structural parameters in SARDS dogs. Finally, we wanted to investigate histological and molecular features of SARDS retina, with a particular focus on the cellular and genetic components associated with immune-mediated tissue events, by evaluating gene expression profiles in SARDS retinas using microarray analysis, and histological and immunohistochemical (IHC) techniques with the specific goal of identifying different immune cell populations. Patients were from 12 US states and Canada, and were diagnosed with SARDS by 8 different ophthalmologists. Controls were 21 healthy female beagles (6 years of age) for SD-OCT data comparison. Eyes were collected for histology analysis from two SARDS patients euthanized within 4 weeks of SARDS diagnosis outside of Iowa State University; patients were diagnosed with SARDS based on the clinical presentation of sudden-onset blindness, near normal retinal appearance (vascular attenuation only) and completely extinguished ERG responses. Both patients were euthanized due kidney failure (7-year-old castrated male [CM] poodle and 6-year-old CM Maltese). Five eyes from 3 SARDs patients were used for microarray analysis (all patients were diagnosed with SARDS based on a history of sudden-onset vision loss, completely extinguished ERG responses, and absent chromatic pupil light reflex response to red and positive response to blue light): (1) Maltese-8-year-old CM, died due to kidney and cardiac failure 19 months after SARDS diagnosis; (2) Pug-9-year-old CM, died 30 months post SARDS diagnosis due to the severe intestinal disease, pancreatitis, and liver failure; (3) Pug-8-year-old CM, died 8 months post SARDS diagnosis due to neurological problems (neuronal necrosis and diffuse chronic myositis diagnosed on histopathology with minimal inflammatory changes). Patients 1 and 2 were not on immunosuppressive medications at the time of euthanasia, while patient 3 was receiving systemic cyclosporine at the time of euthanasia. One eye from patient 3 was used for the microarray analysis, while the other eye was used for the IHC and histology analysis. An additional 5 control eyes from 5 healthy control dogs (Beagle, SF, 6 years old) without evidence of ocular abnormalities were used for microarray analysis. Eyes for microarray analysis were collected immediately upon euthanasia, and retinal tissue was collected and stored in RNAlater (Ambion Inc., Foster City, CA). Retinal samples stored in the RNAlater solution were frozen at −80°C until RNA isolation for microarray experiments.
| MATERIALS AND METHODS

| Diagnosis of SARDS
Diagnosis of spontaneously occurring SARDS in dogs was confirmed at Iowa State University based on previously established criteria 4 : history of sudden onset of blindness, normal or almost completely normal fundus appearance, normal intraocular pressure, absent PLRs with red-light stimuli (630 nm, 5.3 log units intensity), normal PLRs with blue-light stimuli (480 nm, 5.3 log units intensity), and completely extinguished ERG responses. All SARDS patients and healthy control dogs received a complete ophthalmic examination: slit lamp biomicroscopy, indirect ophthalmoscopy, tear production, and intraocular pressure evaluation, as well as a basic neuro-ophthalmology evaluation (palpebral and corneal reflex, ocular motility evaluation). Menace, dazzle, PLRs, and visual maze testing was performed to evaluate status of the visual system. Diagnosis of SARDS in two euthanized dogs was performed based on completely extinguished ERG responses, near normal retinal appearance and historical evidence of sudden-onset blindness prior to euthanasia. Chromatic pupil light reflex data were not available for euthanized patients.
Full necropsy was not performed on euthanized patients (only eyes were collected).
| Systemic SARDS evaluation
All patients also underwent complete cell blood count and serum chemistry, urine analysis Abdominal and thoracic radiographs, and brain CT images were reviewed by board certified radiologists and residents at respective institutions where imaging was performed. Only head CT imaging was performed (no thorax or abdomen CT imaging was pursued).
| Functional retinal evaluation in vivo
Pupil light reflex, fundus photography, and electroretinography was performed in clinical and experimental dogs, as described previously. 4, 5, 21 OCT analysis in canine patients was also performed as previously described. 
| The pupil light-reflex analysis
Analysis of the cPLR response in clinical and healthy experimental dogs was performed using a Melan-100 unit (BioMed Vision Technologies, Ames, IA) with the goal of differentiating rod-cone vs melanopsin (intrinsically photosensitive retinal ganglion cells-ipRGCs), as previously reported. 4, 22 The Melan-100 unit has a diode-based light source with a narrow wavelength: blue light (480 nm, 5.3 log units intensity) and red light (630 nm, 5.3 log units intensity). Pupil diameter values were measured as reported previously. 22 
| Electroretinography
Electroretinography was used to evaluate retinal function in SARDS dogs (n = 29). A Roland Consult ERG system (Roland Consult, Brandenburg, Germany) and Retinographics ERG system (Retinographics, Norwalk, CT) were used to deliver light stimuli and collect signals from the lens electrode for full-field ERG recording routines, as previously reported.
5,21
| Fundus photography
Fundus photography was performed using RetCam Fundus Camera system (Massie Research Laboratories, Pleasanton, CA) as previously reported. 
| Optical coherence tomography
Optical coherence tomography analysis of different retinal layer thicknesses was performed as previously reported using a Heidelberg Engineering Spectralis OCT unit (Heidelberg Engineering, CA, USA). 9 The following scans were obtained and analyzed: peripapillary circle scan; horizontal volume scan through area centralis (within the visual streak; located dorso-temporally from the optic nerve head) in the superior-temporal (tapetal) retina; and a corresponding volume scan in the ventrotemporal (non-tapetal) retina. Additional horizontal volume scans were performed based on the funduscopic evidence of possible retinal lesions with a focus on hyperpigmented, hyper-reflective, hypopigmented, and potentially exudative lesions.
| Histology analysis
Three eyes from SARDS patients and 5 eyes from healthy control dogs were fixed in 10% formalin. Eyes were embedded in paraffin and 7-μm tissue sections were prepared. A total of 10 retinal sections of central (temporal and nasal) and peripheral (temporal and nasal) retina were evaluated for each eye. Standard hematoxylin and eosin stain was performed and slides were coverslipped. Tissue sections were examined under a photomicroscope (Microphot FXA; Nikon, New York, NY). Images were captured using a camera (Megaplus, model 1.4; Eastman Kodak, Rochester, NY) connected to a frame grabber (MegaGrabber; Perceptics, Knoxville, TN) in a computer (Macintosh 8100/80 AV; Apple Computer, Cupertino, CA) using image acquisition and analysis software (Metamorph; Molecular Devices, Sunnyvale, CA).
| Immunohistochemistry analysis
Immunohistochemistry IHC analysis on canine retinal tissue was performed as previously reported. 23 
| Microarray analysis
Microarray analysis on canine retinal tissue was performed as previously reported. 23 Briefly, 5 eyes from 3 SARDs patients and 5 control eyes from healthy controls without evidence of ocular abnormalities were used for microarray analysis as follows. Eyes were dissected and preserved in RNAlater (Ambion, Austin, TX) immediately after enucleation. Samples were then stored at −80°C until RNA extraction. The neural retina was isolated, and total RNA was extracted from the tissue using Qiagen RNeasy minipreps. Samples were treated with RNase free DNase, and the integrity of the RNA was evaluated through analysis with a Bioanalyzer (Agilent Technologies, Foster City, CA). The range of and a mean value for RNA quality (RIN) for patient and control samples was as following: mean RIN = 8.75, Range: 8.6-9.0. RNA was amplified using a T7 RNA polymerase-based approach, and hybridized to Affymetrix Canine genome 2.0 gene chips following standard protocols.
| Statistical analysis
Statistical analysis between groups was performed using unpaired Student's t test. Fischer's exact test and strength of association between tested parameters (odds ratio [OR]) calculations were performed between different observed parameters as indicated with commercial software (Prism, version 5.0; GraphPad, San Diego, CA). Statistical significance was set at P < 0.05. Prior to statistical analysis for Student's t test, data were converted using the log function to provide normalization of data distribution. The odds ratio is the ratio with and without an event in each group; it indicates the probability that an event will occur, divided by the probability that an event will not occur in association with the specific parameter.
| RESULTS
| Patient population
Females were more prevalent (20 of 29 patients; 69%; 
| Functional analysis of SARDS patients
All evaluated patients had completely extinguished retinal electrical responses ("flat ERG"), and characteristic chromatic pupil light-reflex deficits resulting in absent constriction after red-light illumination, together with complete pupil constriction after blue-light illumination (Table 1 ). Figure 1B ,C). Altered tapetal reflectivity can be observed in SARDS eyes as gray field-like zones ( Figure 1D ) or gray linear zones (Figure 1E ), which change in intensity with angle of illumination, but never have true hyper-reflective or hypo-reflective appearance. Altered tapetal reflectivity with or without evidence of peripheral "tapetal ridging" ( Figure 1F ) was found in 48.2% of patients (14/29; Table 1 ; Figure 1D ,E). Hyperreflective lesions were present in 17% of patients (5/29; Table 1 ; Figure 1G ,H,I), and potentially perivascular exudative lesions (PEL) were present in 14% of patients (4/ 29; Table 1 ; Figure 1J ,K). Hyperpigmented spots (HPS) were present in 10% of patients (3/29; Table 1 ; Figure 1L ), while perivascular retinal edema (PRE) was present in 6.9% of patients (2/29; Table 1 ).
| Fundoscopic findings in SARDS patients
| Optical coherence tomography analysis in SARDS patients
| Comparison of fundus lesions and OCT findings
Optical coherence tomography analysis and comparison with fundus images revealed that zones of hyper-reflective appearance were associated with focal retinal structural photoreceptor loss ( Figure 2 ). Zones of PEL were associated with potentially exudative retinal detachments, retinal edematous, and cystic changes or chorioretinal perivascular thinning (Figures 3 and 4E,F). Altered tapetal reflectivity was associated with disorganization of inner and outer photoreceptor segments, resulting in the loss of stratification ( Figure 4A ).
| Optical coherence tomography thickness parameters in SARDS patients
Detailed analysis of different thickness parameters revealed mild but significant loss of total retinal thickness in SARDS canine patients in the superio-temporal (area centralis region) retina (P = 0.04, Student's t test; Table 2 ). Much more prominent damage was observed in the corresponding inferior retina region (P = 0.0001, Student's t test) when subjects were compared to 6-year-old healthy control dogs. Evaluation of the receptor layer thickness (combined thickness of outer nuclear layer and inner and outer segment layer) revealed significant loss in SARDS dogs in the area centralis (P < 0.0001, Student's t test; Table 2 ) and corresponding inferior retina (P < 0.0001, Student's t test) compared to healthy control dogs. Analysis of the outer nuclear layer thickness revealed mild but significant structural loss in the superior retina (P < 0.02, Student's t test), and significantly more prominent inferior retina structural loss (P = 0.001, Student's t test). Analysis of the retinal nerve fiber layer (RNFL) in the area centralis revealed lack of structural loss in the superior-temporal retina of SARDS dogs (P = 0.21, Student's t test). Similar findings were observed when inferior retina RNFL thickness was compared between SARDS and healthy control dogs (P = 0.12, Student's t test).
Analysis of peripapillary RNFL thickness did not reveal significant differences in analyzed quadrants when values were compared between SARDS and healthy control dogs (Table 3) : RNFL temporal (P = 0.4, Student's t test); RNFL superior (P = 0.8, Student's t test); RNFL nasal (P = 0.8, Student's t test); and RNFL inferior (P = 0.64, Student's t test).
| Optical coherence tomography detection of retinal lesions in SARDS patients
The most frequently observed OCT change in SARDS patients was disorganization of the outer segments of photoreceptors with a loss of the inner-outer segment (IS-OS) junction, which was observed in all (100%; 29/29) evaluated patients (Figures 4A and 5; Table 1 
| Optical coherence tomography detection of retinal detachment in SARDS patients
As mentioned above, 38% (11/29) of SARDS patients ( Table 1) had evidence of <1-mm wide RD on OCT analysis, which could not be detected during funduscopic evaluation or analysis of retinal photographs (Figures 6 and 7) . The Dachshund breed was over-represented in the RD group (36%, 4/11), compared to the non-detachment (ND) group (11%, 2/18), though this did not reach statistical significance, likely due to the very small sample size (P = 0.16; OR = 4.6). Females were more frequently affected with RD (9/11, 82%) compared to males (2/11, 18.2%); however, this did not reach statistical significance in Fischer's exact test (P = 0.4; OR = 2.8).
F i g u r e 1 . A, Normal fundus appearance in SARDS patient (3 wk after onset of blindness, Brittany Spaniel, castrated male-CM, 6 y old).
This patient was not part of this study. B, Pale optic nerve head appearance (arrow) was a frequent finding in SARDS patient population (Chihuahua, spayed female-SF, 10 y old, patient no 15). C, Pale optic nerve (open arrow) and vascular attenuation (closed arrow) were also frequent fundus finding in SARDS patients (Maltese, CM, 9 y old, patient no 12). D, Alternated tapetal reflectivity can be observed in SARDS eyes as gray field-like zones (arrows on image D, Jack Russel Terrier, SF, 6 y old, patient no 21) or gray linear zones (arrows on image E, Dachshund, SF, 7 y old, patient no 8). F, Peripheral tapetal ridging (arrows) can be seen as a result of decreased retinal thickness. This image is overexposed to better show this type of funduscopic change (no true hyperreflectivity was observed, Dachshund, SF, 7 y old, patient no 8). G, Focal and very subtle perivascular reflectivity (arrow) can be observed in SARDS retina (Mixed, CM, 9 y Old, patient no 11). H, Linear diffuse perivascular hyperreflectivity (arrow) was observed in this patient (Dachshund, SF, 6 y Old, patient no 26-OD). I, Diffuse hyperreflectivity (arrows) is a very rare finding in SARDS patients during the early course of disease; However, in this patient (Dachshund, SF, 6 y old, patient no 26-OS) There was asymmetric disease appearance with the right eye being less affected (image H). (J,K), Perivascular lesions (arrows) can have potentially exudative/transudative appearance and may be associated with retinal thinning and focal retinal detachments. Image J is patient no 26 (Dachshund, SF, 6 y old), while image K is from patient no 11 (Mixed breed, CM, 9 y old). L, Perivascular retinal edema (oblique arrow) and perivascular chorioretinal scar (horizontal arrow) in SARDS patient (Mixed breed, SF, 10 y old, patient no 1)
| Systemic changes in SARDS patients
Analysis of metabolic changes (increased appetite/polyphagia, weight gain, polydipsia/polyuria) was performed based on historical information obtained from owners, referring veterinarians, and a review of patient medical records. Clinical signs of polydipsia/polyuria (PU/PD), polyphagia (PP) and weight gain (WG) were observed in 45% of patients (13/29; Table 4 ). Evaluation of serum chemistry revealed elevation of serum alkaline phosphatase (SAP) and/or alanine aminotransferase (ALT) in 52% of patients (15/29).
Clinical signs of PU/PD/PP/WG and concurrent elevation of SAP/ALT were identified in 21% of patients (6/29), while 31% (9/29) had elevation of SAP/ALT but no historical or clinical signs of PU/PD/PP/WG. Serum analysis of SARDS patients revealed abnormalities in 55% of patients (16/29) , with increase in SAP/ALT being the most frequent finding (Table 4) . Urine analysis revealed proteinuria/microalbuminuria in 45% of patients (10/22; urine analysis data were missing for 7 patients; Table 4 ). Blood pressure evaluation revealed systemic hypertension in 21% of patients (4/19; in 10 this was not evaluated; Table 4 ). F i g u r e 3 . A, Potentially exudative lesions could be detected in SARDS patients (arrows) as whitish or gray focal zones. These lesions were most frequently detected in perivascular spaces. initially this lesion was described as a normal fundus variation during indirect ophthalmoscopy (Mixed breed, CM, 9 y old, Table 1 Systemic hypertension was classified as SBP equal to or higher than 160 mmHg. Historical presence of allergic and autoimmune diseases was documented for 59% of patients (13/22; Table 4 ). In 7 patients, owners were unsure about incidence of allergic and autoimmune diseases, or gave conflicting responses compared to information from medical records provided by referring veterinarians; these patients were not included in analysis of allergic and autoimmune Optical coherence tomography revealed significant thinning of outer nuclear layer, particularly outer segments in SARDS patients compared to healthy control dogs. All values are expressed as mean ± SEM (μm). *P < 0.05. **P < 0.001. ***P < 0.0001 disease incidence. Atopy (50%; 11/22) and food allergies (27%; 6/22) were the most frequently described allergic diseases (Table 4) . Radiological abnormalities were observed in 38% of patients (11/29) , with hepatomegaly (20.7%; 6/29) being the most frequent finding ( Table 4) . None of the evaluated dogs had historical evidence of neoplastic disease, or evidence of neoplastic disease observed by thoracic and abdominal radiography and CT imaging.
| The relation of systemic abnormalities to retinal detachment
Systemic abnormalities were more common in the RD group compared to the ND group; however, the difference between groups did not reach statistical significance by the Fischer's exact test, most likely due to the small sample size: elevated liver enzymes -SAP/ALT (RD = 64% (7/ 11); ND = 44% (8/18), p = 0.7; OR = 1.7); and proteinuria (RD = 75% (6/8); ND = 28.5% (4/14), p = 0.07; OR = 7.5). Systemic hypertension did not seem to be a contributing factor to retinal detachment (RD = 22.2% (2/ 9); ND = 20% (2/10), p = 1; OR = 1.1). There was no statistically significant difference in age (RD = 7.9 ± 1.9 years (mean±SD); ND = 7.6 ± 1.7 years, p = 0.69, Student's t test) or duration of blindness prior to presentation to an ophthalmologist (RD = 18 ± 7 days; ND = 21 ± 12 days, p = 0.28) between the RD and ND group.
| Immunohistochemistry characterization of SARDS retinas
Immunostaining analysis showed focal presence of immune cells in canine SARDS retinas (Figures 10-13 ), which were usually located in perivascular (Figures 10, 12 and 13 ) and subretinal spaces ( Figures 10-13) ; there were no such changes in control healthy canine retinas (Figure 14) . Tcells were the predominant cell population identified in SARDS retinas. Evaluation of SARDS retina with relatively recent onset of blindness ( Figures 10, 11 and 13) , and SARDS retina 19 months after onset of blindness (Figures 12 and 13) , revealed similar localization and frequency of immune cell populations, despite prolonged course of disease. We did not perform IHC grading of evaluated retinas, since retinal sections frequently had just a few focal regions of cellular infiltrates per evaluated slide.
| Microarray analysis of canine SARDS retina
Global gene expression analysis resulted in the identification of 252 genes represented by 348 probe sets that were more prevalent in the SARDS samples compared to control retinas. Conversely, 483 genes represented by 656 probe sets appeared to have reduced expression in SARDS retinas ( Figure 15 ). Reduced expression was observed for a large number of functionally diverse genes (Table 5 ). However, many of these were related to visual transduction and structural photoreceptor components. Additional functional groups with lower expression in SARDS retinas included voltage gated channels and other molecules involved in ion transport. These changes were likely indicative of photoreceptor and neuronal loss, rather than regulation of gene expression. In contrast, transcripts more abundant in the SARDS retina were overwhelmingly related to immune phenomena (Table 6 ). Our data revealed a very pronounced increase in transcripts encoding T, B, and natural killer (NK) cell markers. We also detected elevated transcript levels of immunoglobulin components, chemokines and their receptors, components of the complement cascade, and a host of other molecules. Taken together, our data suggest that SARDS is accompanied by immune-cell infiltration into the retina in concert with active inflammation.
| DISCUSSION
Sudden Acquired Retinal Degeneration Syndrome was first reported almost four decades ago; however, the precise etiology of the disease is still being extensively debated without a clear consensus on its exact nature. 1 SARDS is most frequently seen in middle aged/older females of small breeds, with mixed-breed dogs, Dachshunds, Pugs, and Miniature Schnauzers being the most frequently affected, which corresponds to our findings in this study. 2, 3, 24, 25 Previous studies found a relatively high incidence of metabolic abnormalities, such as polyuria and polydipsia (38%, 2 30% 3 ), polyphagia (19%,  2 20% 3 ), and alkaline phosphatase elevation (37%, 2 28% 3 ), which was also in good accord with our findings in similar percentages. The most recent study of a Canadian patient population, however, revealed much higher incidence of metabolic abnormalities in SARDS patients. 26 This study confirmed relatively high incidence of proteinuria (45%) and systemic hypertension (21%) in SARDS patients, consistent with data from a previous study by Carter et al, and the most recent study by Leis et al, 26, 27 Radiography evaluation revealed presence of hepatomegaly in 21% of patients, which was somewhat higher than previously reported (12%). 3 Brain imaging did not find evidence of intracranial neoplasia, consistent with a previously published report. 28 Detailed fundus evaluation in this study revealed numerous funduscopic abnormalities, with retinal vascular attenuation and pale optic nerve head appearance being the most frequently observed, followed by change in tapetal reflectivity. Similar findings have been reported, however, with relatively minor incidence of pale optic nerve head appearance. 2 This is the first study to describe presence of frequently observed retinal inflammatory lesions, such as perivascular hyper-reflective lesions, perivascular retinal edema, and potentially perivascular exudative lesions in SARDS patients.
(A) (B) (C) (D)
F i g u r e 6 . Photoreceptor outer segment disorganization was the most frequently observed optical coherence abnormality detected in SARDS patients. A, Infrared fundus image of the area centralis region evaluated by optical coherence tomography shows normal retinal appearance (Beagle, CM, 6 y old, Table 1 , patient no 14). B, OCT of the SARDS retina shows loss of IS-OS stratification and inner-outer segment disorganization with formation of vacuolar changes (arrows). C, OCT scan of healthy canine retina-stratification and delineation between outer and inner segments of photoreceptors is visible (star). D, Retinal histology micrograph from a SARDS retina (not from the patient in images A and B) shows outer segment disorganization (star) and severe vacuolization (arrows). INL, inner nuclear layer; IPL, inner plexiform layer; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; OS, outer segments; NFL, nerve fiber layer; RGC, retinal ganglion cells
This study effectively utilized SD-OCT technology to demonstrate the relatively high incidence of retinal lesions (RD, focal retinal thinning, and chorioretinal scars) in SARDS eyes. These lesions were not easily detected by indirect ophthalmoscopy or review of images captured by fundus photography. Considering that almost all patients were evaluated within the first 4 weeks after onset of blindness, data from this study can serve as possible evidence of early retinal changes in SARDS eyes, before more advanced retinal degenerative changes begin to develop. Careful analysis of retinal OCT scans revealed predominantly perivascular localization of lesions with inflammatory appearance, which was also confirmed by histopathological analysis of limited retinal tissue specimens. An equally important finding of this study was existence of photoreceptor loss, outer segment disorganization, and loss of IS-OS junction in all evaluated SARDS patients. These have been previously described as the most frequently observed features in the human npAIR patient population. [29] [30] [31] [32] This study demonstrated relatively high incidence of submillimeter RD in SARDS eyes, which did not seem to be a result of systemic hypertension. Analysis of systemic parameters revealed higher incidence of systemic abnormalities in the RD group compared to the ND group, with proteinuria being the most frequently observed anomaly. Additional studies will be needed to further elucidate the significance of these findings. Considering that proteinuria may result from intermittent systemic hypertension, 33, 34 it cannot be absolutely ruled out that observed perivascular RDs are not the result of intermittent episodes of high blood pressure that may damage the capillary bed, with consequent exudation and retinal detachment, as frequently seen in dogs with systemic hypertension. 35, 36 Retinal funduscopic changes in this study had many features similar to those previously described in monkeys and humans with chronic systemic hypertension. 37 These changes include narrowing and pseudo-narrowing of retinal arterioles, increased tortuosity of arterioles, possible zones of focal transudates, possible inner retinal ischemic spots/cottonwool spots, retinal edema and cystoid retinal degeneration with possible subretinal transudate, and fibrosis. 37 As a result of hypertensive choroidopathy, a serous RD may develop, 37 which was the most frequently observed OCT feature in this study. There is a possibility that more subtle intensity of systemic hypertension with transient periods of higher blood pressure may result in the milder profile of retinal changes (as observed in this study), which would explain the presence of retinal changes in patients with normal blood pressure values. While systemic hypertension hypothesis is plausible, and is supported by many of the funduscopic features in SARDS retinas, there is a strong line of contradictory evidence from this study. Herring et al showed evidence of retinal hemorrhages in 20% of systemically hypertensive diabetic dogs, where systemic hypertension was defined as an SBP value above 150 mm Hg, and study by Leblanc et al reported a 40% incidence of retinal hemorrhages in systemically hypertensive dogs, where systemic hypertension has been defined as an SBP value of 160 mm Hg (or higher). 35, 36 In this study, incidence of retinal hemorrhages was extremely low (1/29; 3.4%).
Limited histological data and some OCT lesions from this study support the notion of the inflammatory nature of lesions with cellular exudates in subretinal spaces, indirectly ruling out the possibility of a transudative process, as observed in hypertensive choroidopathy. 37 In a 2008 study, we presented histological evidence of perivascular T and B-cell inflammatory exudates, which could potentially explain the relatively frequent presence of RDs and primary photoreceptor lesions in perivascular regions observed by OCT imaging. 5 These findings were confirmed in this study as well, further reinforcing the theory of the immune-mediated nature of observed retinal changes. The retinal nerve fiber layer has increased sensitivity to damage associated with systemic hypertension, due to the development of RNFL, and resulting optic nerve capillary damage from regional RNFL loss or severe optic nerve damage. 37 In our previous study, we showed that retinal thinning is a feature observed in SARDS patients. 5 In this study, we did not find evidence of RNFL loss in the superior or inferior retina, or in the peripapillary region. Furthermore, all evaluated patients had complete pupillary light reflexes with blue light illumination, further providing evidence of relatively preserved functional optic nerve properties. A possible reason for the observed discrepancy between the data from our previous study and this one could be that many imaged SARDS dogs had blindness for a longer period of time in the 2008 study, which could have resulted in more advanced retinal damage and development of RNFL thickness deficits. However, the more likely explanation for the discrepancy in RNFL thickness results is the fact that the technology differed between studies. That used in our 2008 study likely included the inner plexiform and inner nuclear layer in the RNFL thickness calculation, compared to much more sophisticated imaging routines used in this study. In our previous study, . Closed tip arrow points to the non-pigmented RPE cell in the tapetal retina. These changes were most frequently observed in perivascular spaces (closed arrow points to the blood vessel). INL, inner nuclear layer; IPL, inner plexiform layer; NFL, nerve fiber layer; ONL, outer nuclear layer; OPL, outer plexiform layer documented values for RNFL thickness in the area centralis of control healthy dogs were close 96 μm, while in this study, observed values were 26 μm, clearly suggesting that previous delineation routines did not calculate only RNFL thickness. Considering that data in this study showed localized regions of severe retinal structural loss, we cannot exclude the possibility that previously observed RNFL thinning was actually a result of the erroneous incorporation of different retinal layers in calculated values. Since OCT technology used in this study has dramatically better resolution, we now consider that RNFL does not seem to be damaged in SARDS retinas. In this study, we attempted to characterize molecular events associated with SARDS retinal damage in dogs, with the goal of better understanding the pattern of morphological changes observed with OCT imaging. These data are the first to describe detailed changes in the gene expression pattern, and potential immunological consequences in a species with large eyes and spontaneously occurring disease similar to npAIR in humans. The major limitation of this study is that number of analyzed SARDS samples was quite small, and tissue samples for used microarray analysis were collected from deceased dogs after prolonged duration of blindness. While these factors likely influenced the expression levels of some genes, the overall similarity between immunoglobulin and complement gene expression between this study and our previously reported data from a single SARDS retina sample collected in early days after blindness development, 5 suggests that observed gene expression changes may indeed adequately reflect the immune-mediated processes present in SARDS retina at different stages of disease. Furthermore, IHC data are indicative of the unabated immune response in SARDS eyes regardless of disease duration (Figures 10 and 12) , providing more supporting evidence of the relevance of presented microarray data in this study.
Among genes with elevated expression levels in SARDS retinas, the preponderance of genes mediating various aspects of immune-mediated response was striking. Prominent functional categories of genes with elevated expression in SARDS retinas include antigen presentation, complement activation, leukocyte activation and adhesion, lysosomal and proteasome activity, and immunoglobulin production. In addition, numerous genes with a function in apoptosis and inflammation signaling are more abundant in SARDS retinas. It must be noted that many of the identified genes with altered expression levels are associated with several biologic functions; thus inclusion in one functional category does not exclude a gene's involvement in additional molecular pathways. Our analyses also indicate that SARDS leads to lower expression levels for a large number of genes, primarily those associated with photoreceptor function. Reduced mRNA levels of individual genes could partially result from transcriptional control mechanisms; however, the more likely explanation is that observed changes are a result of primary photoreceptor damage and apoptotic loss in SARDS eyes, further supporting the OCT and histology data presented in this study. These findings are consistent with the previous report by Miller et al, who showed massive apoptosis of photoreceptors in SARDS retinas. 8 The systematic comparison of gene expression findings in this study to those presented previously by other investigators is not straightforward, due to the different formats of gene arrays used, selection of genes represented on each array, incomplete identification of orthologs between animal species, types of disease investigated, and methodology used for evaluation of RNA expression. 38 Previous studies had observed a significant decrease in expression levels for several photoreceptor genes in canine models of retinal degeneration. 39, 40 Our own studies showed significant upregulation of genes associated with antigen presentation, complement activation, lysosomal and proteasome activity, and apoptosis in canine glaucomatous retinas, raising the possibility that many of observed changes in SARDS retinal gene expression may be a result of the reactive immune system cell response to neuronal death in the retina. 23 While different hypotheses have been proposed on the etiology of SARDS, there is still no consensus on the exact nature of this syndrome, despite many clinical findings suggesting it is extremely similar to non-paraneoplastic autoimmune retinopathy in humans. 1 The biggest obstacle
to a more precise determination of SARDS etiology has been the lack of studies evaluating detailed histological, molecular, and morphological features of early retinal Probe sets corresponding to expression at least two-fold higher in SARDS retinas and with a P-value below 0.01 are highlighted in red. Those with an at least two-fold reduced expression in SARDS and a P-value below 0.01 are marked green changes in SARDS patients. 5, 8 Considering that SARDS does not result in painful eyes, access to retinal tissue has traditionally been very limited, seriously impeding the possibility of performing studies on tissues from patients in the early stage of disease. The frequent presence of endocrine and metabolic abnormalities in this patient population was used to raise speculations toward a possible toxic, endocrine, or neuroendocrine etiology, while limited histological and molecular evaluation has revealed the presence of photoreceptor apoptosis with a possible suggestion of a steroid-induced toxic form of retinal damage. 8 However, the limited histological and molecular data available from several studies revealed presence of serum retinal autoantibodies, increased complement activation, presence of immunoglobulin producing B-cells, presence of T-cells, and upregulation of genes mediating increased immune and inflammatory response in SARDS eyes, potentially suggestive of the autoimmune nature of the disease. [5] [6] [7] Considering the widespread depression of retinal electrical activity, which does not correspond to funduscopic retinal changes or OCT structural deficits, we speculate that the potential target of the primary immune insult in SARDS eyes is the retinal pigment epithelium (RPE). It has recently been demonstrated that autoantibodies in melanoma-associated retinopathy recognize TRPM1 and TRPM3 cation channel proteins expressed on melanocytes, bipolar retinal neurons, and RPE cells. 42 The autoimmune hypothesis of SARDS remains controversial in the veterinary ophthalmology community due to lack of traditional inflammatory changes during ocular examination, lack of serum retinal autoantibodies, and the well-established fact that retinal autoantibodies can be detected in the serum of patients with many different neurodegenerative retinal diseases as a result of the reactive immune response to dying retinal cells. 8, 28 Serum retinal autoantibodies are considered a hallmark of autoimmune retinopathies (AIR) in human patients, which are also characterized by sudden onset of blindness, severe decrease or absence of retinal electrical activity, and relatively normal fundus appearance. 43, 44 This study found a relatively high incidence of potentially inflammatory lesions such as RDs, subretinal exudate, chorioretinal scars, focal perivascular retinal degenerative changes, and cystic retinal changes, which are almost classic OCT features of inflammatory retinal diseases. Detailed analysis of SD-OCT images and limited histological data is highly suggestive of focal inflammatory insults resulting in exudative lesions, focal chorioretinal scars, and focal inflammatory lesions in different retinal regions. The result is primarily damage to photoreceptors; however, in some regions, outer plexiform and inner nuclear layers were also affected. Detection of immune cells or activated RPE cells in the region of insult can be a result of the primary inflammatory process, but could also derive from a reactive response to RD and subsequent focal retinal degeneration. Gene expression and immunohistochemistry data presented in this study are suggestive of the different inflammatory and immune-mediated processes in SARDS retinas, further re-enforcing potential immune-mediated nature of retinal lesions observed.
In conclusion, observed morphological and molecular retinal changes in different stages of SARDS are highly suggestive of the immune-mediated nature of retinal damage, with many OCT structural similarities previously observed and described in human npAIR patients. Our recent data described prevention of vision loss progression in SARDS dogs treated with aggressive immunosuppressive therapy, further enhancing the notion of the immunemediated nature of this disease, and the need for early therapeutic intervention before complete loss of vision develops (Grozdanic et al, Abstract no 82, American College of Veterinary Ophthalmology Annual Conference, Monterey, CA, October 2016). Proper classification of SARDS as an immune-mediated disease may allow more aggressive and effective therapeutic approach for SARDS patients.
